The specification, differentiation and maintenance of diverse cell types are of central importance to the development of multicellular organisms. The neural crest of vertebrate animals gives rise to many derivatives, including pigment cells, peripheral neurons, glia and elements of the craniofacial skeleton. The development of neural crest-derived pigment cells has been studied extensively to elucidate mechanisms involved in cell fate specification, differentiation, migration and survival. This analysis has been advanced considerably by the availability of large numbers of mouse and, more recently, zebrafish mutants with defects in pigment cell development. We have identified the zebrafish mutant touchtone (tct), which is characterized by the selective absence of most neural crest-derived melanophores. We find that although wild-type numbers of melanophore precursors are generated in the first day of development and migrate normally in tct mutants, most differentiated melanophores subsequently fail to appear. We demonstrate that the failure in melanophore differentiation in tct mutant embryos is due at least in part to the death of melanoblasts and that tct function is required cell autonomously by melanoblasts. The tct locus is located on chromosome 18 in a genomic region apparently devoid of genes known to be involved in melanophore development. Thus, zebrafish tct may represent a novel as well as selective regulator of melanoblast development within the neural crest lineage. Further, our results suggest that, like other neural crest-derived sublineages, melanogenic precursors constitute a heterogeneous population with respect to genetic requirements for development.
Introduction
The neural crest is a transient vertebrate embryonic cell population that gives rise to a wide variety of cell types, including pigment cells, craniofacial cartilage, and neurons and glia of the peripheral nervous system (Le Douarin and Kalcheim, 1999) . This array of neural crest-derived cell types has long been of interest in studying the mechanisms of cell diversification among embryonic cell populations. The development of neural crest-derived pigment cells in particular has been studied extensively, and many important insights have resulted from the analysis of mouse and zebrafish mutants (see Bennett and Lamoreux, 2003; Lister, 2002; Quigley and Parichy, 2002; Silvers, 1979 for reviews) .
Vertebrate chromatophore populations are readily observed, as they carry their own intrinsic markers. In addition, pigment cells are not strictly required for viability (Lister et al., 1999; Parichy et al., 1999; Silvers, 1979) . As a result, these pigmented cell types have long been used for studying developmental processes such as cell fate specification, proliferation, migration, differentiation, and survival. Mice and other mammals have a single chromatophore cell type termed melanocytes (Nordlund et al., 1998) . Hundreds of mouse coat color mutants have been identified, covering over 100 loci, which affect multiple cellular processes (Bennett and Lamoreux, 2003; Silvers, 1979) . Further, many of these mutations in mice have proved to be medically relevant as models for human diseases involving the same genes (Jackson, 1997) . Besides the melanocytes (melanophores) also found in mammals, zebrafish possess neural crest-derived yellow xanthophores and iridescent iridiphores (Bagnara, 1998; Raible et al., 1992) . In addition to the isolation of several zebrafish pigment mutants that arose spontaneously (Johnson et al., 1995; Streisinger et al., 1986) , numerous mutagenesis screens have yielded over 100 mutations affecting various processes in the development of different combinations of the three pigment cell types (Henion et al., 1996; Kelsh et al., 1996; Lister et al., 1999; Odenthal et al., 1996; Rawls et al., 2003) . Because melanophores are common to major vertebrate research animal models, much attention has been focused on this particular pigment cell type.
Studies from several vertebrates, including zebrafish, have led to the extensive characterization of melanophore development (Bennett and Lamoreux, 2003; Dupin and Le Douarin, 2003; Lister, 2002; Nakamura et al., 2002; Nordlund et al., 1998) . Prior to overt differentiation, melanophore precursors are referred to as melanoblasts, and can be identified by expression of specific genes. Induction of mitf expression, the earliest known marker for melanoblasts, has been shown in multiple systems to require Wnt signaling (Dorsky et al., 2000; Dunn et al., 2000; Jin et al., 2001; Takeda et al., 2000; Widlund and Fisher, 2003) , as well as Sox10 and other molecules (Bondurand et al., 2000; Elworthy et al., 2003; Potterf et al., 2000) . Sox10, mutations in which cause Waardenburg-Hirschsprung Syndrome in humans, is required for development of nonectomesenchymal neural crest derivatives, such as most pigment cells and many peripheral neurons and glia Pingault et al., 1998) . Mitf is both necessary and sufficient for melanophore development (Hornyak et al., 2001; Lister et al., 1999; Tachibana et al., 1996) . Mitf upregulates expression of the receptor tyrosine kinase C-kit (Opdecamp et al., 1997) , which in mice affects primordial germ cell development and hematopoiesis in addition to melanocytes (Silvers, 1979) , but in zebrafish appears to be specifically required by neural crest-derived melanophores (Parichy et al., 1999) . Further, evidence from melanoma cell lines suggests that C-kit may subsequently activate Mitf in a positive feedback loop (Hemesath et al., 1998; Price et al., 1998) , as well as ultimately targeting Mitf for ubiquitin-mediated degradation (Wu et al., 2000; Xu et al., 2000) . C-kit and its ligand Steel factor are required for both migration and survival of melanoblasts and melanophores (Jordan and Jackson, 2000; Rawls et al., 2003; Steel et al., 1992; Wehrle-Haller et al., 2001 ). Sox10 has also been implicated in melanoblast survival (Dutton et al., 2001; Mollaaghababa and Pavan, 2003) . Dopachrome tautomerase (Dct) and Tyrosinase (Tyr) are enzymes in the melanin synthesis pathway (Jackson et al., 1990; Tsukamoto et al., 1992) , and are relatively late melanoblast markers in zebrafish . Both are expressed in neural crest-derived melanophores, as well as non-neural crest-derived melanized cells of the pigmented retinal epithelium (Camp and Lardelli, 2001; Steel et al., 1992) . Expression of dct, therefore, can be used to identify neural crest-derived cells that lack melanin as melanoblasts in zebrafish embryos. Similarly, c-kit expression is also diagnostic of melanoblasts among neural crest-derived cells.
In spite of the large volume of data available regarding melanophore development, many questions remain. For example, although mitfa/nacre zebrafish mutants have no melanophores, all other zebrafish pigment mutants have at least some melanophores Lister et al., 1999; Odenthal et al., 1996) . This raises the possibility that there are subpopulations of melanophores with distinct genetic requirements. In addition, while several genes have been hypothesized to play roles in maintenance of melanophore populations, only sox10 and the c-kit/steel factor signaling pathway have been implicated in melanoblast survival (Wehrle-Haller and Weston, 1995; Dutton et al., 2001; Mollaaghababa and Pavan, 2003) . Since neither c-kit/sparse nor sox10/ colourless zebrafish mutants are entirely devoid of melanophores (Parichy et al., 1999; Dutton et al., 2001) , additional genes are likely to be required for the regulation of melanoblast development. Finally, although over 100 pigmentation loci have been identified in both mice and fish, forward genetic studies continue to yield novel insights into the regulation of pigment cell development. For example, fms, a gene that plays no known role in pigmentation in amniotes, is required for development of embryonic xanthophores and adult melanophores in zebrafish (Parichy et al., 2000b; Parichy and Turner, 2003) . Function of Ednrb and its ligand Endothelin-3, on the other hand, although required by all melanocytes in mice (Baynash et al., 1994) , are dispensable for some adult and all embryonic melanophores in zebrafish (Parichy et al., 2000a) . Whereas zebrafish mutants with defects in genes previously known to be involved in pigment cell development have been identified, the majority of the zebrafish mutants with pigment phenotypes have not yet been molecularly characterized (Henion et al., 1996; Kelsh et al., 1996; Odenthal et al., 1996) . Thus, many zebrafish pigment mutants are likely to reveal new insights into the mechanisms of melanophore development.
The zebrafish touchtone (tct) mutant was isolated because homozygous mutant embryos lack the majority of neural crest-derived melanophores (Henion et al., 1996) . In this report, we present our analysis of the development of tct mutant embryos. Our results indicate that tct is selectively required for melanophore development among neural crestderived cells. We provide evidence that in the absence of normal tct function a subpopulation of melanoblasts die and that tct is required cell autonomously by melanoblasts. Thus, the absence of the majority of melanophores in tct mutant embryos appears to result at least in part from the death of melanoblasts prior to overt differentiation. Further, we report the identification of multiple tct alleles and progress toward the molecular identification of the tct locus. We suggest tct is a novel regulator of the development of a subpopulation of neural crest-derived melanoblasts and is indicative of precursor heterogeneity within the melanogenic sublineage.
Results
2.1. Live phenotype and isolation of multiple tct alleles touchtone b508 (tct b508 ) was identified in a chemical (ethyl-nitrosourea, ENU) mutagenesis screen for mutations affecting neural crest derivatives as previously described (Henion et al., 1996) . The mutant was identified based on its altered pigment pattern. At 48 hours post-fertilization (hpf), dramatically fewer melanophores are present in tct b508 mutant embryos compared to wild-type siblings (Fig. 1A,B) . Those that are present have a small, punctate morphology, as opposed to the large, stellate morphology of wild-type melanophores (Fig. 1A ,B insets). This phenotype does not result from a general developmental delay since the rate of development of a variety of other tissues and cells analyzed, including the pigmented retinal epithelium, is indistinguishable from wild-type embryos (see, for example, Fig. 1 and not shown). Subsequently, three additional ENUinduced mutations have been identified as tct alleles by complementation analysis (not shown) and genetic mapping (Rawls et al., 2003 and not shown) . As shown in Fig. 1 , these alleles vary in severity of the melanophore phenotype. tct b508 is the strongest mutation with respect to reductions in the number and size of melanophores, followed by tct j124e1 (Rawls et al., 2003) , tct os1 , and tct os2 in decreasing order of severity. All alleles are recessive and homozygous lethal. Although swim bladders inflate and the larvae eat, larvae die between 14 and 16 days post-fertilization (dpf). The reason for lethality is currently unknown, but melanogenesis is not required for zebrafish viability Lister et al., 1999) , suggesting that lethality results from a defect unrelated to the melanophore phenotype. All data refer to tct b508 unless otherwise specified.
tct selectively affects melanophore development within the neural crest lineage
Since neural crest-derived melanophore development is clearly disrupted in tct mutant embryos, we investigated the development of other cell types generated from the neural crest (Table 1 ). Visual inspection revealed that the other classes of chromatophores, xanthophores and iridiphores, both appear normal with respect to number and pattern ( Fig. 1, arrowheads ; Fig. 2A,B) . In addition, the expression of molecular markers for precursors of these cell types ( fms, Parichy et al., 2000a; and ednrb1, Parichy et al., 2000b, respectively) is qualitatively indistinguishable between mutant and wild-type embryos (data not shown). Molecular markers indicated that neural crest-derived neuronal and glial populations develop normally in tct mutant embryos. For example, cervical sympathetic neurons, enteric neurons, and neurons and glia (crestin þ /a-Hu 2 ; Luo et al., 2001 ) of the dorsal root ganglia are all present in qualitatively normal numbers and characteristic locations in tct homozygotes (Fig. 2E -J and data not shown). Craniofacial cartilage was labeled with Alcian Blue and also found to be normal in terms of individual elements, their sizes and shapes (Fig. 2C,D) . In addition, we used the pan-neural crest marker crestin to analyze neural crest populations at (Luo et al., 2001 ). crestin expression is normal at all stages in tct embryos up to 27 hpf, suggesting that the early neural crest is unaffected by the tct mutation (data not shown). However, a deficit in crestin expression is observed in tct mutant embryos concomitantly with a reduction in the numbers of cells expressing melanoblast markers (see below). These data indicate that within the embryonic neural crest lineage, tct is required specifically for melanophore development and only after neural crest dispersal has largely occurred.
Most melanophores are absent in tct embryos
In wild-type zebrafish embryos raised at 28.5 8C, melanization of neural crest-derived melanophores begins at approximately 25 hpf, in cells just posterior to the otic vesicle (Kimmel et al., 1995) . Similarly, melanophores begin to overtly differentiate at this time and in the same location in tct mutant embryos. However, tct mutants are first distinguishable from wild-type siblings at 27 hpf. tct melanophores are small and punctate, in contrast to wild-type melanophores, which are large and have many processes (Fig. 3A,B ). In addition, fewer melanized cells have developed over the yolk of tct mutant embryos compared to wild-type siblings at this stage. The number of differentiated melanophores increases dramatically between 25 and 36 hpf in wild-type embryos. In contrast, there is a substantially smaller increase in melanized cells in tct embryos during the same time period (Table 2) . Specifically, at 27 hpf, there is a 10% depletion in the number of melanophores in tct homozygotes compared to wild-type siblings. By 36 hpf, this depletion in melanophore cell numbers between mutant and wild-type embryos increases to 36% (P , 0:0001; Fig. 3C ,D), and at 4 dpf, tct mutant embryos have an average of 64% fewer melanophores than wild-type siblings (P , 0:0001; Table 2 ). These data indicate that a major complement of melanophores that normally differentiate in wild-type embryos fail to develop in tct mutants. As a result, melanophore development is severely disrupted in tct mutant embryos. Interestingly, while the number of melanophores remains reduced in tct mutant embryos, the size and morphology of the remaining melanophores recovers by 6 dpf (Fig. 3E,F) . By this stage, tct melanophores are morphologically indistinguishable from those of wild-type siblings. Wild-type (A, C, E, G, I) and tct (B, D, F, H, J) mutant embryos. tct mutant embryos have a wild-type number and pattern of iridiphores at 3 dpf (A, B: lateral view). Craniofacial cartilages revealed with alcian blue staining are normal at 5 dpf (C, D: ventral view) . (E, F) Cervical sympathetic neurons, which express TH mRNA (arrowheads in E, F), are indistinguishable between wild-type (E) and tct mutant (F) embryos at 77 hpf. Hu-positive neurons of the dorsal root ganglia (G, H, arrowheads) and the enteric nervous system (arrowheads in I, J) also appear normal in tct mutant embryos (H, J) compared to wild-type siblings (G, I). Wild-type (A, C) and tct mutant (B, D) embryos at 27 hpf (A, B) and 36 hpf (C, D); dorsal views with anterior to the left. At 27 hpf, tct mutant embryos have fewer melanophores, especially over the yolk, compared to wild-type embryos. By 36 hpf, many more melanophores have differentiated in wild-type embryos than in tct mutant embryos. Although melanophore numbers do not recover in tct homozygotes (F), melanophore morphology (arrowheads) becomes indistinguishable from that of wild-type siblings (E) by 6 dpf.
Melanoblast numbers in tct mutants are reduced during the second day of development
To determine whether the deficit in melanophore numbers in tct mutant embryos resulted from a decrease in the number of melanophore precursors (melanoblasts) or simply a failure of melanoblasts to produce melanin Lister et al., 1999) , we used lineage-specific markers c-kit and dct to identify melanophores and their precursors during development. Expression of c-kit and dct in un-melanized neural crest-derived cells (melanoblasts) in tct mutant embryos was qualitatively indistinguishable from wild-type siblings during the first day of development, and comparable quantitatively at 25 hpf, just as melanophores begin to differentiate (data not shown; Table 3 ). At later stages, however, the number of cells (melanoblasts and melanophores) identified with both markers was reduced in tct mutants compared to wild-type embryos (Fig. 4) . We quantified both c-kit þ and dct þ cells present in tct mutant embryos and wild-type siblings (see Section 4). At 25 hpf, c-kit þ and dct þ cell counts reveal wild-type numbers of melanoblasts and nascent melanophores in tct mutant embryos (P . 0:1; Table 3 ). In contrast, there is approximately a 10% percent reduction of these markers at 27 hpf ( Fig. 4A,B ; Table 3 ). This difference between wild-type and tct embryos becomes more dramatic over time. By 36 hpf, there is nearly a 40% deficit in cells expressing each of these genes in tct mutant embryos (P , 0:0001; Fig. 4C ,D; Table 3 ). Importantly, the numbers of c-kit þ and dct þ cells increase in wild-type embryos between 25 and 36 hpf (Table 3) . Over the same time period, however, the absolute numbers of c-kit þ and dct þ cells decrease in tct mutant embryos (Table 3 ). In addition, crestin expression in tct mutants appears to be qualitatively similar to the reduction of c-kit-and dct-expressing and melanin-containing cells at 27 hpf (Fig. 4E,F) . In contrast, mitfa expression in tct mutant embryos is qualitatively normal through 25 hpf. In wild-type embryos, mitfa expression is down-regulated prior to overt differentiation of melanophores (Lister et al., 1999) , and mitfa expression appears to be unaffected in tct mutant embryos (data not shown).
Thus, wild-type numbers of melanoblasts are generated in tct homozygotes during the first day of development, and the number of differentiated melanophores increases slightly between 25 and 36 hpf (Table 2) . However, the numbers of c-kit þ and dct þ cells fail to expand, and are actually reduced during subsequent stages of development while melanoblast and melanophore numbers are rapidly increasing in wild-type embryos. Together, these data indicate that melanoblast cell numbers are reduced in tct mutant embryos. (Table 3) . (E, F) Concomitant with the reduction in dct-expressing cells in tct mutant embryos, the number of crestin-expressing neural crest cells is also reduced in tct mutant embryos (F) compared to wild-type siblings (E) at 28 hpf.
Melanoblasts undergo apoptosis in tct mutant but not wild-type embryos
The reductions in the numbers of c-kit þ and dct þ cells in tct mutants and the subsequent absence of the majority of melanophores suggest that the defect resulting from the tct mutations arises during melanoblast development. Specifically, the difference in the melanoblast numbers in tct mutant embryos compared to wild-type siblings indicated that melanoblasts might undergo cell death and/or fail to proliferate in tct embryos. Further, the absolute number of melanoblasts in tct homozygotes is less at 36 hpf compared to 25 hpf. This suggested that at least some melanoblasts die in tct embryos. In order to test this hypothesis, we first examined cell death using TUNEL in tct and wild-type embryos between 27 and 36 hpf. A small number of TUNEL-positive cells located in embryonic positions normally occupied by melanoblasts were observed in some tct mutant embryos but were never observed in wild-type embryos (data not shown). To determine whether any of these apparently dying cells were in fact melanoblasts, tct homozygotes and wild-type siblings were labeled with both an activated Caspase-3 antibody for apoptotic cells and dct riboprobe for melanoblasts. Dying melanoblasts, un-melanized cells labeled with both activated Caspase-3 and dct, were observed in tct embryos at 29 hpf (Fig. 5) . In contrast, apoptotic melanoblasts were not observed in wild-type embryos. In order to determine whether differentiated melanophores were also dying in tct mutant embryos, 30 hpf mutant and wild-type embryos, each containing differentiated melanophores, were labeled with the TUNEL assay. No TUNEL þ melanized cells were detected in either tct or wild-type embryos (data not shown). Therefore, the reduction in melanophore cell numbers in tct mutant embryos is due at least in part to death of melanoblasts, but not melanophores. However, it remains possible that the reduction in melanoblast numbers in tct embryos may also result from other factors such as reduced proliferation or transdifferentiation.
tct acts cell autonomously with respect to melanophore development
Genetic mosaics can be used to determine the cell autonomy of a mutation and thus predict the mode of action of a gene product within developmental pathways. Mosaic analysis was performed between embryos from wild-type and tct heterozygote crosses (Table 4) . Donor embryos were labeled with lysinated rhodamine dextran (LRD) or lysinated fluorescein dextran (LFD). Cells from these embryos were transplanted into unlabeled hosts, in which melanophore development was subsequently observed. As controls, we noted that wild-type donor cells in wild-type hosts generated large melanophores and that tct donor cells generated melanophores with mutant morphology in mutant hosts a Both mutant and wild-type donor cells were transplanted simultaneously into the same host embryo (see Section 4). Fig. 6 . tct is required cell autonomously for melanophore development. (A) Nomarski image of a tct mutant host that has received cells from a wildtype donor (anterior to the left). Several large melanophores (arrowheads) are present in addition to punctate melanophores (arrows) characteristic of tct mutant embryos. (B) High magnification of a wild-type cell (containing LRD lineage dye; boxed area in (A)) that formed stellate melanophores in the mutant environment. (C) tct cells transplanted into wild-type host embryos can give rise to punctate melanophores (arrowhead), in contrast to large wild-type host melanophores (arrow). The white outlines approximate the size of each melanophore. (D, E) In tct mutant hosts, both wild-type and tct cells give rise to melanophores. Fluorescein-labeled cell from the wildtype donor (D, arrowhead) and a small rhodamine-labeled melanophore from the tct mutant donor (E, arrowhead) at the same magnification. (Fig. 6E) . Labeled cells from wild-type embryos formed large, stellate melanophores when transplanted into tct hosts (n ¼ 10; see Fig. 6A,B,D) . These results strongly suggested that tct acts cell autonomously within melanoblasts. Further, these results predict that tct donor cells in wild-type hosts should be capable of generating melanophores based on the mutant phenotype, albeit with reduced frequency due to reduced melanophore numbers (Figs. 1, 3 ; Table 2 ) and with abnormal cellular morphology (Fig. 1) . Therefore, in this reciprocal experiment, cells from LRD-labeled tct embryos and LFD-labeled wild-type embryos were simultaneously transplanted into the same region of a single wild-type host (Table 4) . tct donor cells did give rise to melanophores with tct morphology in wild-type hosts (Fig. 6C) . However, in several cases in which LFD-labeled (wild-type) cells gave rise to melanophores, LRD-labeled cells from tct embryos failed to give rise to melanophores ðn ¼ 5Þ; qualitatively consistent with the mutant phenotype in which fewer melanophores are generated compared to wild-type embryos. Together with our results indicating that tct function is required by melanoblasts as opposed to melanophores, these data suggest that tct is required cell autonomously for melanoblast development.
tct embryos are touch insensitive
While no other neural crest derivatives are noticeably affected by tct mutations, there are other defects associated with the mutation. By 26 hpf, wild-type embryos exhibit three motor behaviors: spontaneous contractions, touch response (swimming away from a stimulus) and swimming response (turning 1808 and swimming away from a stimulus) (Saint-Amant and Drapeau, 1998) . While all of these behaviors develop initially in tct embryos, mutants are inflexible and touch insensitive beginning at approximately 39 hpf. tct homozygotes neither respond to touch, nor swim on their own. Further, the trunks of touch insensitive embryos are rigid. However, locomotive behavior and touch responses recover completely after 72 hpf. During the period of touch insensitivity, the heart rate of tct embryos is also depressed by nearly 30% relative to wild-type siblings (data not shown). Like lethality, touch insensitivity is characteristic of all tct alleles. The reasons for immobility and diminished heart rate have not been determined, and while reduced heart rate could result from immobility and vice versa, these additional phenotypes may ultimately provide clues to the cause of lethality in tct homozygotes.
The tct locus is located on chromosome 18
As an initial step toward cloning touchtone, we placed alleles tct b508 , tct os1 , and tct os2 on the zebrafish genomic linkage map (Postlethwait et al., 1994 (Postlethwait et al., , 1998 . Simple sequence length polymorphisms (Knapik et al., 1996 (Knapik et al., , 1998 between AB* and WIK zebrafish strains were used to map tct to chromosome 18. Parthogenetic diploid embryos were generated by suppressing the second meiotic division using the early pressure (EP) method (Streisinger et al., 1981) . tct and wild-type embryos were identified by live phenotype, and PCR was performed on DNA from tct and wildtype embryos. The tct locus was initially localized to chromosome 18 in EP diploid embryos using three markers near the proximal telomere, z7654, z9404 and z7426 (see Section 4). tct j124e1 was independently found to cosegregate with SSLP markers z7654 and z11685 (Rawls et al., 2003) . Subsequently, tct was found to be tightly linked to SSLP marker z53176, with zero recombinants in over 1400 meioses analyzed to date (see Section 4). Ultimately, identification of the tct locus will not only be important for precisely elucidating its role in melanogenesis, but will also provide valuable insight into the cause of larval lethality of tct homozygotes. Analysis of available genomic sequence (http://www.ensembl.org/Danio_rerio/) revealed that no other genes with demonstrated roles in melanophore development in zebrafish are known to be located within close proximity to the marker sequence, raising the possibility that tct represents a novel regulator of melanoblast development.
Discussion

Zebrafish tct function is selectively required within the embryonic melanophore neural crest sublineage
The most obvious visible phenotype of live tct mutant embryos is the reduction in melanophore cell number and the abnormal morphology of the melanophores that are present. Because melanophores are unnecessary for zebrafish viability (Lister et al., 1999 ) and yet all four alleles of tct that we have described are lethal, we examined the development of other neural crest-derived cells, many of which are essential for embryonic development. We found that the development of other neural crest derivatives in tct mutant embryos was indistinguishable from wild-type embryos. Thus, tct appears to be selectively required for the development of the melanophore sublineage. Nevertheless, the development of some other cell type(s) that are required for viability must be abnormal as a result of disrupted tct function, as mutant larvae die during the third week of development. Our results suggest that the affected cell type(s) are not of neural crest origin and may instead be components of one of several internal organ systems that undergo extensive maturation during the period of lethality of tct homozygous larvae. In this vein, the presumptive pleiotropic effects of the tct mutations are reminiscent of human neurocristopathies (Jackson, 1997; Nordlund et al., 1998) . However, it cannot be ruled out that the function, as opposed to embryonic differentiation, of one or more neural crest derivatives is abnormal and leads to larval lethality.
Melanoblasts require tct function relatively late during embryogenesis but prior to overt differentiation
We quantified the reduction in melanophore and melanoblast numbers during development of tct mutant embryos compared to wild-type embryos. We found that the majority of the normal melanophore population is absent in tct mutant embryos. The number of melanoblasts was also found to be lower in tct embryos compared to wild-type siblings and, strikingly, the absolute number of melanoblasts declines in tct mutants during the same period of development in which the number of melanoblasts in wildtype embryos increases. These observations raised the possibility that the deficit in melanophore numbers in mutant embryos may be due to a defect in melanoblast development that results in the death of a subpopulation of melanoblasts. Two other observations in addition to the quantitative data support this notion. First, TUNEL-positive cells in positions consistent with the normal locations of melanoblasts during development were observed in tct but not wild-type embryos. Second, we detected a small number of dying melanoblasts (cells expressing both activated Caspase-3 and dct mRNA but not melanin) in tct mutant embryos that were never observed in wild-type embryos. In addition, dying (TUNEL þ ) melanophores were not observed in either mutant or wild-type embryos. Taken together, these results support the view that abnormal tct function in mutant embryos results in the death of a subset of melanoblasts, which in turn contributes to the observed deficits in melanophore cell numbers. The death of some melanoblasts in tct mutant embryos may occur for one or more of a variety of reasons. Given the cell autonomous function of tct with respect to melanophore development, it is possible that, analogous to c-kit, tct normally functions as a component of the signaling triggered by a trophic factor. It is equally likely, however, that tct normally is required to complete the melanoblast developmental program and in the absence of normal tct function a subset of melanoblasts undergoes apoptosis as a result of failure to complete this program. However, it is not possible to conclude that the deficit in melanophore numbers in tct mutant embryos is due exclusively to the death of melanoblasts. The occurrence of dying melanoblasts in mutant embryos is a relatively infrequent event. This could be due to a variety of reasons, including the small number of neural crest-derived cells in zebrafish generally as compared to other vertebrates, as well as the difficulty in detecting cells that express indicators of cell death while simultaneously maintaining detectable levels of transcripts diagnostic of melanoblasts. Thus, the frequency of detecting any of a total of ca. 30 dying cells over an 11 h period of development in the entire trunk region of embryos (Table 3 ) that are verifiably melanoblasts would likely be low. The fact that the total melanoblast population is relatively small also complicates potential approaches to quantifying alterations in melanoblast proliferation between mutant and wild-type embryos. Therefore, while we provide evidence that melanoblast cell death is a result of the tct b508 mutation, we cannot exclude that the mutation also results in additional developmental changes. Melanoblast proliferation or other processes including differentiation (see below) or transdifferentiation may be affected, although we have seen no evidence for the latter in our analysis.
Our results are consistent with a selective role for tct in melanoblast development prior to overt differentiation. We suggest that tct function is required relatively late in melanoblast development. Both the early neural crest cell population, based on crestin expression, and the early melanoblast population, identified by mitfa expression, are indistinguishable in tct mutant and wild-type embryos up to approximately 27 hpf just after the first differentiated melanophores begin to appear. Likewise, c-kit and dctexpressing melanoblast populations are indistinguishable up to this stage. Subsequently, a decrease in the number of melanoblasts, and ultimately the number of melanophores, becomes progressively more apparent. These results indicate that tct function is required by a subpopulation of melanoblasts downstream of mitfa, and most likely downstream, or concomitant with, c-kit. This would place the requirement for tct function by melanoblasts relatively late in the developmental pathway, but prior to overt differentiation.
Lastly, it is noteworthy that all of the minority population of melanophores that do develop in tct mutant embryos exhibit an abnormally small, punctate morphology compared to the large, stellate morphology of wild-type melanophores. Analysis of the distribution of dct mRNA relative to melanin granules within these cells indicates that indeed the cell morphology, in contrast to melanin distribution, is abnormal in these cells (not shown). Although this aspect of the tct phenotype eventually recovers, it raises the possibility that tct function is also involved in the cell morphological differentiation of melanophores. Thus, while some melanophores, albeit abnormal in morphology, differentiate in tct embryos, some melanoblasts may perish as a result of the inability to complete the melanophore differentiation program and thereby contribute to the melanophore phenotype of mutant embryos.
Developmental diversity within the melanophore sublineage
Previous studies indicate that mitf is necessary and sufficient to establish the melanoblast population during neural crest development (Hornyak et al., 2001; Lister et al., 1999; Tachibana et al., 1996) . Subsequently, melanoblast development has been shown to require additional genes (Nakamura et al., 2002) . In zebrafish, for example, c-kit/ sparse has been shown to be required for melanoblast and melanophore survival. However, not all melanoblasts require C-kit function for survival and development. Even presumptive null alleles of c-kit retain up to 58% of melanophores compared to wild-type siblings at 60 hpf (Parichy et al., 1999) . Further support for the notion of developmentally distinct melanogenic subpopulations of neural crest cells is found in recent studies of the zebrafish lockjaw (low) and mont blanc (mob) mutations, which disrupt an ap2a homolog (Knight et al., 2004 (Knight et al., , 2003 . low and mob alleles (Knight et al., 2004 (Knight et al., , 2003 Barrallo-Gimeno et al., 2004) result in a loss of some but not all early embryonic melanophores, whereas melanophore numbers recover slightly at later stages. In addition, homozygous ckit/sparse mutant embryos injected with morpholinos complementary to ap2a have fewer melanophores than uninjected c-kit/sparse mutants, consistent with the notion of heterogeneity in the developmental requirements of subpopulations within the melanophore sublineage (O'Brien et al., 2004) . Further, some melanophores do develop in such embryos indicating that a subpopulation of melanogenic cells develop independently of both ap2a and c-kit. Sox10 has also been implicated in melanoblast survival based on analysis of the colourless mutation (Dutton et al., 2001; . Likewise, many other zebrafish mutants exhibit phenotypes in which melanophore numbers are reduced but not completely abolished (Henion et al., 1996; Kelsh et al., 1996; Rawls et al., 2003) . Therefore, it is not surprising that tct mutant embryos lack most, but not all melanophores. On the one hand, this could result if all of the alleles identified are hypomorphic. In contrast, and taken together with the phenotypes of other melanophore mutants, the tct mutant phenotype may further support the notion of developmental heterogeneity within the melanophore sublineage. Specifically with respect to tct, whereas most melanoblasts fail to generate melanophores in a tct-dependent manner, other melanoblasts do generate melanophores, albeit transiently abnormal in morphology. This suggests that two distinct populations of melanoblasts, tct-dependent and tct-independent, contribute to the melanophore sublineage. Together with the apparent heterogeneity in the melanoblast population suggested by the analysis of c-kit/sparse and other mutants (Dutton et al., 2001; Knight et al., 2004; Parichy et al., 1999) , it appears that different subsets of melanoblasts have different genetic requirements for development. Further definition of these potential subpopulations should be achieved by the analysis of melanogenesis in compound mutants.
The concept that the melanogenic neural crest sublineage is comprised of subsets of precursors cells that differ in their genetic requirements for development is reminiscent of the developmental heterogeneity that exists in different neurogenic neural crest sublineages. For example, the precursors of dorsal root ganglion sensory neurons that will ultimately sub-serve different sensory modalities have distinct trophic requirements prior to neuronal differentiation (Ernfors, 2001; Oakley et al., 1995; Henion et al., 1995) . In addition, during sympathetic neuron development, sympathoblasts and nascent neurons undergo non-uniform temporal shifts in their neurotrophic survival requirements (Birren et al., 1993; DiCicco-Bloom et al., 1993; Francis and Landis, 1999) . Along these lines, although the function for c-kit signaling in melanoblast survival has been firmly established (Ito et al., 1999; Morrison-Graham and Weston, 1993; Rawls et al., 2003; Wehrle-Haller et al., 2001; Wehrle-Haller and Weston, 1995) , it is not clear that the tct locus functions as a component of a classic trophic system for melanoblasts. Nevertheless, our results and results from the analysis of melanophore development generally, in other melanophore mutants and otherwise, raise the interesting possibility of precursor cell heterogeneity within the melanogenic sublineage.
Finally, we are in the process of identifying the tct locus by positional cloning. Analysis of genetic mosaics together with our analysis indicating a requirement for tct function by melanoblasts, suggest that tct is required cell autonomously for melanoblast development. The autonomy of the tct mutation will undoubtedly prove insightful for the identification of the tct locus, as well as for the analysis of compound mutations involving other genes required for melanogenesis. Importantly, the availability of multiple mutant alleles is ultimately likely to reveal a detailed understanding of the function of the tct locus and its regulation as well as providing an explanation for the larval lethality of the mutations.
Methods
Zebrafish
Adult zebrafish and embryos were maintained in the Ohio State University zebrafish facility. Adults and embryos were reared at , 28.5 8C and embryos were staged based on morphological criteria, according to Kimmel et al. (1995) . Mutant lines were maintained in the AB* and WIK backgrounds. Homozygous mutant embryos and wild-type siblings were obtained by crossing heterozygous carriers.
Cell counts and statistics
Cells expressing melanin, c-kit or dct were counted in 25, 27, 32, and 36 hpf embryos. Embryos were mounted laterally on double-bridge cover slips and viewed on a Zeiss Axioplan microscope. Embryos used for melanin þ cell counts were fixed and cells were counted over one entire side of each embryo. Embryos for c-kit þ or dct þ cell counts were processed for in situ hybridization with the corresponding riboprobe. Prior to being fixed, embryos for 32 and 36 hpf c-kit þ and dct þ cell counts were first identified at 27 hpf as either tct mutants or wild-type siblings, then placed in phenylthiourea (PTU, 0.3 g/l) to inhibit melanin deposition until fixation. Melanophores in 4 dpf larvae were counted in the dorsal and ventral stripes. To better visualize distinct melanophores, wild-type and tct larvae were placed in epinephrine (10 mg/ml) at 4 dpf for , 10 min, resulting in redistribution of melanosomes to the center of the cell body (Johnson et al., 1995; Rawls and Johnson, 2000) . Larvae were fixed in 4% paraformaldehyde at 4 8C overnight, rinsed and stored in 1:1 PBS:glycerol. Larvae were then deyolked, mounted on single bridge cover slips, and viewed on a Zeiss Axioplan microscope. Melanophores in both the dorsal and ventral stripes were counted from somite 5 to somite 14. Standard errors of mean were calculated for wild-type and tct cell counts at each time point. The mean numbers of cells in wild-type and tct embryos at each time point were also subjected to a onetailed t-test to determine whether the decrease in cell numbers in tct mutant embryos compared to wild-type siblings was significant.
In situ hybridization and TUNEL
In situ hybridizations were performed as described by Thisse et al. (1993) with minor modifications. A detailed protocol will be provided upon request. Mitfa and c-ret cDNAs were provided by D. Raible (Bisgrove et al., 1997; Lister et al., 1999) . cDNA clones of c-kit and fms were gifts from D. Parichy (Parichy et al., 2000b (Parichy et al., , 1999 . Dct and ednrb1 cDNA clones were provided by R. Kelsh Parichy et al., 2000a) . The TUNEL (Terminal Transferase Assay; 220582; Roche) protocol was modified from the manufacturer's suggested protocol and will be provided upon request (Cole and Ross, 2001 ).
Immunohistochemistry
Antibody labeling was performed as previously described . 4 dpf larvae were sectioned onto gelatin-subbed slides and stored at 2 20 8C overnight. All neurons were detected with monoclonal antibody 16A11 that recognizes neuron-specific Hu RNA binding proteins Henion et al., 1996) , while DRG neurons and enteric neurons were subsequently identified by position within the embryo. 16A11-immunoreactivity was detected using an Oregon Green fluorescent secondary antibody (Molecular Probes).
In situ hybridization/antibody double labeling
Embryos were fixed for several hours at room temperature, washed in PBS, and stored at 4 8C. In situ hybridization was performed without proteinase K digestion. Embryos were subsequently stored in PBS at 4 8C and then processed for immunohistochemistry (see above). Anti-activatedCaspase-3 primary antibody (Cell Signaling Technology) and Oregon Green secondary antibody (Molecular Probes) were used to label apoptotic cells. Negative control embryos were similarly processed for in situ hybridization and subsequently labeled with secondary antibody only, i.e. without first labeling with the primary anti-Caspase-3 antibody.
Mosaic analysis
Genetic mosaics were produced using cell transplantation techniques (Ho and Kane, 1990) . Donor embryos obtained from AB* or heterozygous (tct þ/b508 ) crosses were manually dechorionated and injected at the one to two cell stage with 2 -5% LRD (10,000 MW, Molecular Probes) or LFD (10,000 MW, Molecular Probes) in 0.2 M KCl. Embryos were then allowed to develop to early blastula stages. For wildtype ! mutant transplants, 10-20 cells were transplanted from LRD-labeled donor embryos into unlabeled host embryos. For mutant ! wild-type transplants, LFD-labeled wild-type cells and LRD-labeled tct cells were simultaneously transplanted into the same host embryo. Both groups of cells were drawn into the same electrode and placed together in the host. For transplants in both directions, donor -host pairs were kept separate and allowed to develop to . 30 hpf, then fixed in 4% paraformaldehyde at 4 8C overnight. Donors and hosts were classified as either wildtype or mutant based on melanophore phenotype, and subsequently examined using a Zeiss Axioplan microscope with Nomarski optics, and fluorescein or rhodamine filters to detect donor cells. Punctate melanophores were scored as mutant, while stellate melanophores were considered wildtype. Wild-type ! wild-type and mutant ! mutant transplants were used as controls.
4.7. Genetic mapping tct alleles were maintained in AB* background. For mapping purposes, tct carriers in this background were crossed to a wild-type WIK line, which is polymorphic with AB* (Nechiporuk et al., 1999) . tct carriers in the WIK background were then used to generate parthogenetic diploid progeny by suppressing the second meiotic division with early pressure (EP) (Streisinger et al., 1981) . tct embryos and wild-type siblings were identified by live phenotype and used to obtain DNA. tct was initially placed on the zebrafish genomic map based on PCR amplification of simple sequence length polymorphisms (SSLPs) from diploid genomes (Knapik et al., 1996 (Knapik et al., , 1998 Postlethwait et al., 1994 Postlethwait et al., , 1998 were demonstrated in this laboratory to be linked to SSLP markers near the proximal telomere of chromosome 18 based on the MGH mapping panel (http://zebrafish.mgh. harvard.edu/zebrafish/index.htm). tct os1 and tct os2 were shown to cosegregate with z7654 (map position 14.6 cM), and tct os2 also cosegregated with z7426 (7.3 cM). tct b508 was linked to z7654, as well as z9404 (10.0 cM). tct j124e1 was independently mapped to chromosome 18 based on cosegregation with z11685 (7.3 cM) and z7654 (Rawls et al., 2003) . Further linkage analysis was performed on tct b508 using haploid genomes, or meioses (Postlethwait et al., 1994) . Analysis with this allele reveals close linkage to microsatellite marker z53176 (6.2 cM), with zero recombination events observed in over 1400 meioses evaluated.
